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BLINKS, SACCADES, AND FIXATION PAUSES DURING VIGILANCE
TASK PERFORMANCE: II. GENDER AND TIME OF DAY

INTRODUCTION

it has long been our conviciion that the gaze
contiol system should reflect time-on-rask {17OT) or
“fatigue” effects. The literature on which that convic-
tion is based is, az best, spotty. Many occulometric
measures have been tested for their ability to detecr
“fatigue” effects. Most have been found wanting. with
respect 1o reliably demonstrating such effects. For
example, the literature on Crirical Flicker Fusion
Frequency (CFF; as a measure of fatigue finds more
studies claiming the absence of an effect than those
which report a decrease in CFF as a function of
“fatgue.” Similarly, studies of steady state, high fre-
quency, brain-evoked response following (i.e.. the
brain, especially the visual cortex, is “driven” at the
frequency or harmonic frequency of the flashed light)
inresponse o sinusoldally {or pther wavelorm) medu-
lated light have occasionally found a reducrion in the
peak frequency at which such “driving” occurs, but
again, the literature is weighred in favor of not finding
significant TOT effects. (TOT and “farigue” effects
will be used synonymously.)

It is our contention thar TOT effects are best
measured while performing the rask on which the
subject has been “fatigued.” Barlett (1943), whom we
will quote more fully later, indicared that any change
in the nature of the task a subject is required to
perform will produce a return to normal or better than
normal responding. The fact that recovery from
“fatigue” is rapid, though such recovery may be short-
lived, has been known for many years, but nct appre-
ciated by many invescigators who have scudied facigue
effects by evaluading, for example, changes in CFF as
a function of interposed “work.”

Bills and McTeer {1932) repore that recovery from
fatigue induced by specific task performance is a
function of similarity between the condition under
which fatigue was induced and the cask in which the
effect of fatigue is evaluared. The more dissimilar the
rasks, the greater the recovery,

Thus, a2 2- or 5-minute CFF task administercd
seconds or minures after the end of an exhausung 8-
hour work day may not show any changes in CFE.
Many researchers dealing with aspects of visual activ-
ity have reported that a relatively slight change in an
experimental situation produced marked changes in
the variable under investigation. Ponder and Kennedy
{1927} have demonstraied this, for example, for eve
biink frequency. Thus, we believe thar the oprimal
strategy for demonstrating TOT effects is to record bio-
logical variables while the subject is performing the task.

A second constraint imposed by us in much of our
research on aspects of vigilance is that we wish 1o
utilize measures which, if they proved useful in simu-
lation environments, could be readily transferred o
field settings. We contend that techniques which
remain dependent on the application of electrodes are
not acceptable in field setrings, both because of tech-
nical skills required for the application of electrodes,
and non-acceprance of attachment of elec. rodes on
the part of operators.

Thus, rather than recurding brain activity (because
we are interested in mental “fatigue” and the brain is
presumably the place where such farigue would be best
manifested), which for the foreseeable future will
require the application of electrodes to the scalp, we
selected gaze coartrol variables and the eye blink.
Many components of such variables can be recorded
~ithout the application of electrodes. Another con-
cern was with “ccological validity.” Tt seemed to us
chac the air eraffic controller’s cask is visually demand-
ing. Measures that reflect what the eyes are doing
would seem to be relevant in generating useful infor-
mation i subjects performing such rasks for extended
periods of time.

Prior research from our laboratory has demon-
strated that both frequency and other compenents of
blinking are sensitive to task demands, as well as TOT
manipulations (Orchard & Stern, 1991; Fogarty &
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Stern, 1989; Goldstein, Bauer & Stern, 1992: Stern,
Beideman & Chen. 1976; Stern & Skelly, 1984). We
were, thus. reasonably optimistic 1bout demonsrraz-
ing such effects in the present contexi. With respect to
saccadic eye movements, fixation pauses, and cther
eve movements, the results from the lizerarure wers
less reassuring. However, there is evidence of Lorh
drug and “fatigue” induced changes in saccade dura-
tion and velocity, and in long duration fixation pauses
in situations requiring frequent gave shifts. We thus
believed that these measures would also be sensitive to
TOT demands.

in che current study, our initial concern was not
wirk idenrifying gaze control inefficiencies specifi-
cally associated with missed signals, but with changes
tn such variables as a funciion of TOT. We suspect
that some, but not all missed signals. sre associated
with gaze control inefficiencies. We are also con-
vinced thar, if an event to which & repid response is
required occurs concurrent with a period of gaze
control inefficiency, then the likelihood is grear thas
the response to that signat will be inappropriare, or
that no response will be made. We suggest that most,
if not all gaze control inefficiencies, when they occur
concurrent with the need to detect and process infre-
quently occurring informarion will lead to inappro-
priate ICSpOnding. Thf converse is not rue:
Inapproprizte respenses can occur in the absence of
gaze abnormalities.

What do we mean by “gaze control inefficiencies,”
a concept we have introduced a number of times
above? We are now on shaky grounds, and to mix
meraphors, will climb out on alimb and identify some
possible measures.

a. EYE BLINK

Eye blink freguency

Eye blink frequency is related o the visual
demandingness of a rask. The average blink rate
during reading is significantly lower than during
rest. Thus, an increase in biink rate during reading
and other task performance might index such
inefficiency.

Closure duratzsn of blink

Obviously, if an important event occurs during a
limited time period and that period isoccupied by
a blink, che svent will be missed when the Iid i

closed for long, as compared to a short period.

b. EYE CLOSURES
Eyeclesuiesareidentified if 1:d reopening, follow-
ing a closure, does not occur within one-half
second. It is obvicus that no visual informatien

can be acquired if the eves are clesed.

EYE MOVEMENTS

Saccades

Saccade velocity decreases as a funciion of a num-
ber of variables, including TOT. Since informa-

O

tion. intake for a pertod preceding, during, and
following a saccade is limited (saccade suppres-
ston), such intake 1s likely 1o be restricted for a
fonger period of time when saccade dniration is
extended.

d. COMBINATIONS OF THE ABOVE
MEASURES
For example, blinks and saccades.
Blinks and saccades generally occur in tight tem-
poral relationship to each other. If blinks begin to
appear with greater frequency during fixation
pauses, it might indicate inefficiency. During a
blink there is a period of non-seeing, and during
a saccade there is also a period of minimal infor-
mation intake. If the two occur concurrently there
is a reduction in the time for which information is
not available,

These then, are some examples of gaze control
inefficiencies. The model we entertained 10 account
for the increase in missed signals as a function of TOY
is, In many respects similar to thar proposed many
years ago by Bills (1931), and accounts for defayed or
miss=d responses using the concept of “blocks.” Bills
demonstrated such “blocks” in subject paced tasks.
Others (Teichner, 1968) have extended the concept

to more complex and not necessarily subject paced



tasks. Stave (1977) described blocks in helicopter
pilots flying a simulator for several hours. Others
(Oswald, 1962 and Wiltizms, er al., 1939) have de-
scribed similar blocks and invested them with the
label “microsleep” or “daydreaming.” More recently
Kecklund and Akerstedi (1993) have suggested that
during vigilance task performance one sees short burses
of EEG alpha or thera activity suggestive of sleepiness.
These “bursts” are best seen during the last 2 hours of
task performance, and have been reported in studies
on iong haul truck drivers, rrain engineers, process
operators, as well as in laboratory investigations.

We contend that periods of microsleep ad. per-
haps, precursoss to such periods can be iuentified
from a study of gaze control variables. In prior re-
search (Stern, Goldstein and Walrath, 1984 and Lobb
and Srern, 1986), we have demonstrated oculometric
variables associated with the operator missing signals.
Morris (1984) demonstrated a significant relation-
ship between performance measures associated with
flying a GAT-1 simulator for an extended period of
time, and aspects of blinking. This work was done in
sleep deprived subjects, and one might invoke the
concept o. microsleep to account for at least some of
the result<. Thus, gaze control measures may well be
effective in demonstrating TOT effects, and such
effects may be related to performance deficits.

Whether speaking of blocks, microsleep, or day-
dreaming we suspect that, during such periods, atren-
trion is diverted away from the rask ar hand. Such
periods of inattention should be reflected in gaze
control variables in tasks that are visually demanding.
Visually demanding tasks require that major portions
of the attentional “rescurces” available 1o the operaror
are focused on the task. One thus has to inhibn
attending to other aspects of the external or internal
environment. We believe that the inability to main-
rain inhibitory control over attending 1o other sources
of inferrnation leads to lapses in attention, and that
such lapses in attention to the task are reflected in
“gaze control inefficiencies,” some of which were
described above.

This study is a follow-on to an earlier study using
an identical experimenzal protocol {Stern, Boyer,
Schroeder, Touchstone, and Stoliarov, 1994). In the
earlier reporr, the issue of Gender and Time of Day at
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which the subjects participated was confounded. To
resolve guestions that were raised rega,ding the effecis
of those 2 veriables and interactions with ceriain of
the gaze measures, addiuonal data coileciion was
initiated. Thus, the present study is based on data
gathered from 12 new subjecis and 13 subjects who
were included in the previcus report. This provided
for a more complete and conclusive determinarion of
the role of Gender and Time of Day in changes chat
occurred in the gaze measures during perfermance of
the vigilance rask.

METHODS

Subjects

Twenry-five paid subjects (12 male. 13 female)
performed the air traffic control (ATC) task (de-
scribed below) on 3 separate occasions, 2 hours on
each occasion, Half of the subjects performed the task
starting at 9 a.m.; half started at | p.m. Subjecthad no
prior experience with the task or had been invelved in

ATC training.

Apparatus and task description

Equipment available to the subject included a 19
inch graphic display terminal, a keyboard attached wo
the lower right edge and in-linc with the CRT, and a
joystick. A VAX11/730 computer controlled the dis-
play and was used to abstract response information. The
task required subjects io continually monitor the
CRT display. The display consisted of 2 nen-
intersecting vectors oriented from the lower right to
the upper left side of the CRT. A small rectangle on
the flight path defined lecation of an aircraft (A/C)
with 8 A/C displayed on each vector. In an adjacent
alphanumeric data block, displaycd -were A/C identi-
fication, altitude, and groundspeed. A/C position and
change in alphanumeric information were updared
every 6s. The update was done by quadrant, rather
than by vector; thus, the displayed infermation scemed
to be continually changing. Subjects were asked to
identify and respond ro 3 infrequently occurring
events:

a) A nontracked unicentified A/C appeared on the

CRT as a steady green triangle;
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b} An A/C lost altitude informarion with the num-
bers reflecting altitude replaced by chree X’s (XXXX);

&k

[£5

¢} Two A/C on the same flight path were ar the same

altitude.

The operator identified the latter event by pressing
the appropriate button on the control panel and then
returned gaze to the display to determine if the A/C
were flying toward or away from each other. If they
were flying away from each other, a control button
had to be pressed and no further response was re-
quired. If, however, they were flying towasd each
other, the operator was required to press a “conflict”
button and to use 2 joystick to place 2 cursor over one
of the A/C and request reassignment of altitude. If the
operator did not detect these latter events within 28s
from onset both a visual and auditory “conflict alert”
occurred. The visual alert consisted of the 2 A/C
targets at the same altitude flashing, the auditory alert
presented concurrent with the visual one was 2 600hz,
65dB tone pulsed at 2 per s. Forty-four such events
were piesented over the 2-h period. The minimuin
interevent time was approximately 1.5 m, the maxi-
mum about 4m . Background “noise” consisted of a
recording of “normal” actividies in an ATC facility.

EXPERIMENTAL PROCEDURES

Subjects were instructed about the rask. Each sub-
ject participated in three 2-h sessions, approximarely
1 week apart. They were given short practice sessions
to familiarize them with the task, the narure of the
alarms, etc. Rating scales dealing with feelings of
attentiveness, tiredness, strain, boredom, and irrita-
tion were administered both before and after the 2-
hour session. At the end of the 2-h sesston, additional
rating scales relating to perceived task difficuley and
amourt of effort required to perform the task were
completed. The results of the rating scale analyses are
not included in this report.

Subjects were prepared for the recording of both
hotizontal and vertical electrooculograpy by attach-
ing AgAgCl electrodes to the outer canthi of the 2 eyes
for the recording of horizontal, and above and below
the right eye for the recording of vertical ey, move-
ments and blinks. Inter-clectrode impedance was gen-
eraily below 10000 ohms. Where that was difficuli w0
achieve, we made sure that the impedance between the
electrode pair from which activiry was recorded was
approximately the same, when measured against an
indifferent electrode. Signals were amplified, with
special purpose high common mode rejection ampli-
fiers. Amplifier outpur was linear from DC to 100hz.
The output of these amplifiers was fed into a Kyowa
dara logger.

The taped data were then digitized and S-m samples
were obtained starting at minure 10, 30, 50, 70, 90,
and 110. Data were sampled at either 200 or 100 hz,
with all analyses conducted on data sampled at 100 hz.
Dara analysis utilized a DEC minicomputer and was
done semiautomarically, in that a skilled analyst ap-
plied our computer based algorithms for detecting eye
blinks and saccadic eye movements to the daca, and
performed editing functions as necessary.

Most editing involved the deletion of saccades not
meeting our “eyeball” criteria for acceprance as sac-
cades. Major reasons for rejecting computer identi-
fied saccades were the occurrence of a burst of muscle
artiface, in which the algorithm detected an occasional
saccade, saccades followed by a corrective eye move-
ment, and the identification of a slow eye movement
as a saccade (compensatory, pursuit or skin potential
change}. Eye movements were only evaluated in the
horizontal plane.

Editing of eyeblinks was a somewhat more involved
process if the blink occurred in conjuncricn with a

major eye (and head) movement in the verrical plane.
Such movements occutred when gaze had to be shifted
from the CRT to the response panel located to the
right and on a level with the base of the CRT. Such
movements also occurred with return of gaze to the




CRT. Our aigorithm for detecting biinks includes, as
part of the algorithm, the instruction that if the
volrage level following completion of eye closure does
not rerurn to half amplitude of the closure in 2
specified tirme period (300 msc.) to not consider thar
voltage change patrern a blink. The computer thusdid
not identify many blinks associated with gaze shifts
from the response panel to the CRT. (An upward
rotation of the eyeball produces a voliage change in
the same direction as a lid closure.} Eye position
higher in the visual plane ai the end of a blink than i
was before blink initiation precluded this criterion
from being met. These blinks were manually identi-
fied by serting blink initiation at the same voleage level
obrained after the eyes reopened. These blinks were
thus measured as smaller in amplitude and shorter in
duration than was really the case.

Some aspects of eyelid motion were manually ab-
stracted, One of the criteria for blink identification
requires the operator to set {imits to the time between
half closure and half reopening. The limit was 300
msec. for this data analysis. H a closure-reopening was
not identified on the basis of this criterion and the
above process took less than half a second, the event
was labeled a long closure durarion blink (LCD blink}
and independently logged on a dara sheer. If the
closure-reopening took more than half a second and
was accompanied by no horizontal eye movements or
slow pendular eye movements, it was identified asa lid
closure and its cecurrence and approximate duration
abstracred.

The editing process allows for the inspection of
1000 consecurive data pointsin a number of channels.
The data were thus edited in 10-s chunks, a time-
consuming, but necessary procedure. Five consecu-
tive minutes {or 30 ten second frames) of data were
analyzed; the ourput of this analysis and summary
statistic printed. Data from the summary statistics
were used for all analyses, except for the blink flurry
analysis and the analyses incorporating manually edired
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and added informartion. The blink furry analysis was
manually abstracted from the computer print-out of
the raw analyzed data.

Measures abstracted and hypotheses concerning

change as a function of TOT:

i. Blink rate {average number of blinks per minute).
Hypoihesis: Significant increase.

2. Blink clocing duration {average time fiom blink
initiations to full clesure).

Hypothesis: Significant increase in biink closing
duration.

3. 50% window (average tume from lid being half
closed during closing portion of blink 1o reopen-
ing to same level).

HHypothesis: Significant increase.

4. Blink amplitude.

Hypothesis: None.

5. LCD Blinks (blinks with 50% window measure
between 200 and 500 msec).

Hypothesis. Increase in frequency of such blinks.

6. Eye closures {frequency of closures in excess of 500
msec).

Hypethesis: Increase in frequency.

7. Frequency of flurries (a flurry was defined by the
accurrence of 3 or more biinks in 3 consecutive
seconds).

Hypothesis: None - post hoc measure.

8. Percent of blinks that are part of a flurry. (Blinks

that are part of a flurry divided by all biinks).
Hypothesis: None - post hoc analysis.

9. Saccade rate (average number of saccades per
minute).

Hypothesis: Reduction in rate.

10. Median saccade amplitude,

Hypothesis: None.

11. Median hixation duration.

Hypothesis: increase in median fixation duration.
12. Fixations in one second time bins.
Hypotbesis: Shift toward longer duration fixations.
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RESULTLS

All znalyses utilized ANOVA with 2 within (TOT
and Day) and 2 berween subject variables (Time of
Day and Gender).

Table 1 presents summary datafor the [I2ZANOVAs
involving oculoretric measures and the 3 analyses
involving aspects of performance. Only effects signifi-
cant at the p < .05 level will be discussed, though
Table 1 presents ail effec s significant at the p < .10
level and under. Significant TOT effects were ob-
tained for all oculomerric and 2 our of the 3 perfor-
mance variables. As will be described below, these
effects were the most robust, with 10 of the 13
analyses significant beyond the .01 level. There were
3 main effects ateributable to Gender, 1 to Time of D
and 6 to D. Significant 2-way interactions were ob-
rained as follows: 1 for GxTOT, 2 for GxTD and
DxTOT, and 1 for DxTD. Significant 3-way interac-
tions were abrained as follows: 3 for GXTOTxD and
I for GxTOTxTD.

One of the analyses of oculometric variables, in-
volving the fixation duration variable (F), was some-
what different from the above analyses in that fixation
durations were classified into fixarions less than 1sin
duration, those between 1 and 2, 2 and 3, and greater
than 3 s in duration. This then became another
within-subject variable for these analyses. A signifi-
cant F was obtained for TOT and significant 2-way
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Figure 1. Blink raie as a function ot Day.
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interactions invelving the DxF and TOTxF vanables.
The analyses of performance variables averaged these
measures over 4 successive 34-m periocﬁs.

For most significant results, we have provided

0

ficures to describe the effecs.

g
I-BLINK RATE

The significant Gender effect (F(1/21)=6.43,
p<.019} is arrributable to females blinking signifi-
cantly more frequently than males. Average vhink rare
for females was 19.3, while that for males was 12.3
blinks per minute. The significanc 1> effect (F(2/
42)=5.30, p<.t:09) 15 depicted in Figure 1. There isa
significant increase in blink rate over days. Average
blink rate on D 1 is approximartely 14.5 blinks per
minute, and on D 3 is somewhart in excess of 17 blinks
per minute.

The significant TOT effect (F{5/105}=12.70,
p<.0001) is accounted for by a consistent increase in
blink rate from tne first ro the last sample. These
results are presented in Figure 2. It appears that the
slope of the blink rate change between successive
samples is reasonably constant, with the exception of
the shift between the 50-and 70-m samples. The 70-
m sample shows 2 considerably smaller increase than
one would expect extrapolating from the previous
data points. Therc were ne significant interactions

involving the blink rate measure.
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Figure 2. Blink rate as a function of Time on Task.
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The sigriticant 3-way interaction of GxTOTxD
(F{7.37/154.7)=2.19, p<.035) is depicied in Figure 9.
For male subjects, blink amplitude appears to be
consistently smaller, as compared to females, with the
major differences seen on Ds 1 and 3. For females,
there is 2 general increase in amplitude over days. The
siope of blink amplitude change over timne is steeper

for the male than the female groups.

V - LONG CLOSURE DURATIGN BLINK
FREQUENCY

Long <losure duration blinks are identified if the
50% closure duration exceeds 200, bur is smaller than
500 ms. Blinks with closure durations in excess of
300ms were manually abstracted. Long closure dura-
tion blinks increased significantly as a function of
TOT (F(3.91/82.07)=6.92, p<.G{1).

As depicted in Figure 10, the greatest increment
occurs between 10 and 30 m, little change between m
38 and 50, and then a return to a continued increase
in such blinks over time.

Figure 11 depicts the results of the significant 3-
way interaction involving TOTxGxTD {F(3.91/
154.19)=2.84, p<.030). The Gender and Time of D

850

components appear o be priacipally a function of
males showing the highest incidence of LCD blinks
when run in the afternoon, as compared to the mern-
ing. Females, on the other hand, had the highest
incidence of LCD blinks when run in the morning. It
should be remembered that this effect (AM vs. PM) is
a berween subjects effect. The TOT component sug-
gests differences in slope between AM and PM runs
for both males and {emales. For males, the steepes:
stope change occurs in the PM run, while for females,
it is found in the group run in the morning. Females
parricipating in the afternoon show litie change in
this variable over time.

To evaluaie whether there was a differennal in-
crease in long closure duration blinks compared to the
tnciease in normal” blinks as a function of TOT, we
conducted a further analy.:.. LCD blinks were ex-
pressed as a ratio of all blir.ks. Thar data were atc sine
transformed and subjected to the same rype of ANOVA
characreristic of other analysis. No significant effects
were obtained, suggesting that the increase in LCD
blinks parallels the increase in blinks obtained a5 a

funcrion of TOT.
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Figure 9 Bhnk amplitude as a function of Gender, Day,

and Time on Task.
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¥Vi- EYELID CLOSURE FREQUENCY

Eyelid closures were identified whenever the eyelid
remzined closed for more than 0.5 seconds. Since lid
closures were relanively infrequenty occurrisg events,
data were analyzed for the first half, vs. second half of
the 2-h session; t.e., data were combined for the 10,
30,and 50 m time samplesand forthe 70, 90,and 110
m samples. Two significant main effects and 1 signifi-
cant interaction were found. The significant TOT
effect (F(1/21}=4.49, p<.046) is reflected in an aver-
age number of closures during the first hour 0f 5.07,
and 6.76 during the second h of task performance.
The significant D effece (F(2/42}-4.66. p<.015)
coupled with the significant D x TD interaction (F(2/
42)=5.00,p< .011} is depicted in Figure 12. There is
a significant increase in the frequency of these events
over the 3 Ds of task performance. It 1s principally a
function of subjects who participated in the AM.

VII - BLINK FLURRY FREQUENCY
A flurry was rallied if 3 or more successive blinks
occurred with an interval of less than 1 s between
them. A significant TOT effect (F{4.85/107.92)=3.40,
p<-008), a significant 2-way interaction involving D

and TOT (F(7.69/161.40)=2.16, p<.035), and a 3-
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Figure 13. Frequency of blink flurries
as a function of Time on Task.

way interaction involving D, TOT, and Gender
(F{7.69/161.40)=2.08, p<.043) were obtained. These
effects are depicted in Figures 13, 14, and I3, respec-
tively, The effect is accounted for principaily by
increases in flurry frequency from the first o the
second time block, and again from the {ifth o the
sixth one. From 30 m through 90 m. flurry frequency
is asymprotic. The significant DxTOT inzeraction is
nor readily idenufiable from the graph. it is most
likely a function of slope differences berween D | and
the other 2 Ds. The DxTOTxG interaction is ac-
counted for by the greater incidence of flurry activity
for females, as well as slope differences. For all 18
(3x06) data points, mean {lurry activity is greater for

the female, as compared te data sampled at the same

TOT and D for the male subjects.

VIII - NUMBER OF BLINKS IN FLURRIES
{per 5min)

We initially analyzed the total number of blinks in
flurries. The same variables significant in the Blink
Flurry Frequency analysis were again significant. Re-
sults for the TOT effect (F(4.78/100.48)=3.00,
p<.016) are depicted in Figurs 16.

10 30 50 70 20 110
Time from Session Onset {in min)

Figure 14. Frequency of blink flurries as a function
of Day and Time on Task.
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Figure 15. Number of blink flurries as a function of
Gender, Day, and Time on Task.
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Figure 16. Number of blink flurries as a function
of Time on Task.
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hose for the D x TOT interaction {F(7.42/
155.771=2.17, p<.037) and the D x TOT x Gender
interaction (F(7.42/155.77)=2.22. p<.032) are pre-
senzed in Figures 17 and 18. Since there were signift-

Wil M“i

cant effects attributable ¢o flurry frequency and since
we were interested in determining whether chere was
not only an increase in flurry frequency, as 2 funcrion
of TOT, bux 2lso whethe: there was an increase in the
number of blinks constitucing a flurry as a function of
TOT, a further analysis was undertaken. We calcu-
lated the average number of blinks per flurry for each
subject for each time period, excluding blocks where
a subject had no flurries, and a second analysis includ-
ing such blocks. With these “"corrections” to the dara,
no significant effects were obtained. Thus, there does
not appear 1o be an increase in the number of blinks
incorporated in a flurry as a funcrion of TOT.

IX - SACCADE RATE
he oniy significant effect for saccade rate was a
main effect for TOT (F{5/105)=20.66, p<.00!). These
resuits are graphed in Figure 19, There is a2 steady

T
i

decline in saccade rate from m 10 through m 99, with
the m 110 level not appreciably different from the m

90 level.

X - SACCADE AMPLITUDE

There were 4 significant effects for saccade ampli-
rude, 2 main and two 2-way interactions. The main
effects were for TOT {(E(5/105)=15.57, p<.001) and
Gender (F(1/21)=11.71, p<.003). These effects are
graphed in Figures 20 and 21. The saccade amplitude
effect discriminates the first hour of dara collection
from the second h in that there is a major increase in
saccade amplitude from the 50 m to the 70 m blocks.
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Figure 17. Number of blink flurries as a function
of Day and Time on Task.
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Figure 18. Frequency of blink fiurries as a functien
of Gender, Day, and Time on Task.
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Figure 19. Saccade rate as a function
of Time on Task.
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Figure 20. Saccade amplitude as a function
of Time on Task.
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The gender effect involves larger amplitude saccades
for female, as compared to the male subjects. The twe
2-way interactions were for Gender x TOT (E{(5/
109)=5.14, p<.011} and for G xTD (F(1/21}=7.18,
p<.G14).

Figure 21 depicts the G x TOT interaction, as wel!
as the main effect of Gender. The significant interac-
tion effect invoives a greater slope change over time
for the female, as compared to the male groups.

The G x TD interaction deinonstrates a decrease in
saccade amplitude for females run in the afternoon, as
compared te the morning hours, while the opposite
vattern prevails for the male groups. This effect ap-
pears to be quite robust and is graphed in Figure 22.

XI - FIXATION DURATICN

Average fixation duration produced z significan:
TOT effect (F(5/105)=10.07. p<.001}. The overall
effect is of a steady increase in fixation duraiions, an
effect to be expected from the prior results of declin-
ing saccade frequency. The pattein as depicted in
Figure 23 is a sawtooth one with the 30, 70, and 110
m samples showing an inversion from the prior sample
period.

P-FIXATIONS IN I SECOND TIME BINS

This analysis was concerned with the question of
whether the change in fixation pause duration was
ateributable solely 1o an increase in average fixarion
duraticn, or whether the increase could be attribused
to a change in the distribution. Fixations were catego-
tized as falling in the following windows: less than 1
s, between 1 and 2, 2 and 3, and those tonger than 3
s in duration. These analyses thus consurtuted
4x6x2x2x3 in design. The main effect for fixation
duration (F) (F{1.15/24.25)=288.96, p<.001) comes
as no surprise. By far the grearest number of fixation
pauses are less than 1 s in duration.

These resules are depicied in Figure 24. The signifi-
cant TOT effece (F(5/105)=21.83, p<.001} is de-
picted in Figure 25. There isa decline in short fixation
pauses (those less than 1 s in duration) and a slow but
steady increase in the other 3 fixarion pause duration
bins. The TOT x F interaction (F(6.10/128.16)=26.29,
p<.001) is also seen in this figure, and is accounted for
by the decrease in short duration and an increase in
longer duration fixations.

The last 2-way interaction invelving D and F (F(6/
16)=2.85, p<.044) is depicred in Figure 26. The effect
is not readily apparent, but is probably attriburable 1o
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Figure 21, Saccade amplitude as a function
of gender and Time on Task.
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Fixation Frequency (in 5’}
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Figure 24. Frequency of fixations in 4 duration bins (0-1 sec,
1-2 sec, 2-3 sec, and > 3 sec).
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on Task.
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Figure 26. Frequency of fixations in 4 duration bins (0-1 sec
1-2 sec, 2-3 sec, and > 3 sec) as a function of Day.
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the increase in frequency from D 1 o D 3 of fixation
pauses falling below I s and greater than 3 5, and the
consecuern:t increase in total number of fixation pauses

over days.

XEit - PERFORMANCE

Three measures of performance were utilized. All
demonstrated TOT effects, with 2 also deinonstrating
D cffects. The measures used were: missed signals, and
2 response latency measures. For all 3 measures, data
were abstracted for successive 30-m periods. each
period containing 11 events requiring a response. The
2 response latency measures were restricted o situa-
tions requiring a decision concerning 2 aircraft flying
at the same altitude. There were 8 such events in every
30-m period. The first of these latency measures
involved the rin.e -ollowing presenration of 2 aircraft
at the same altitude and the response associared with
recognition of that situation. The second response
latency was measured from the pointin time when the
subject had signaled detection of the problem. It
signaled the operator’s decision that the aireraft were
flying toward er away from each other.

Missed events for the conflict-ne conflict situation
were identified if the subject did not respond to the

Blings, Sgccades, and Fiveton Pauses

event within 28 s of its initiation. After 28 5 had
elapsed, they were “warned” of the evenrt by both an
auditory signal, as well as the highlighting of the 2
aircraft at the same altitude.

Unlike cthe analysis of oculomerric variables, where
TOT effects were based on data sampled at 6 time
intervals; the performance analyses are based on data
for successive 30-m periods {4 periods).

a. Missed events

The ANOVA for missed events provided 2 sigmif-
cant effects, a significant TOT effece (F(2.34/
49.06}=10.08, p<.0001), and a significant D ef-
fecr (F(2/42)=9.57, p<.0004). Figure 27 depicts
the average number of events missed per 30-m
period for each of the 3 Ds of task performance.
Two things are readily apparent from this figure:
an increase in missed eventsasa fuactionof TOT,
and a reduction in such events as a funcrion of Dis.
Differences are also apparent between the AM and
PM subjects in that the lutier missed fewer events
when both TOT and D are taken into consider-
ation. As depicied in Figure 28, for all but 1 of the
24 plotted values (4 time petiods by 3 Ds by 2
times of D) the average PM value falls below the
AM values.
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Figure 27. Number of missed events as a
tunction of Day, and Time on Task .
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b. Latency of first response they were flying toward or away from each other

The analysis of reaction time to the first response
following onsetof Z zircraft ona vector at the same
altitude provided the following significant resules.
There was a significant TD effect (F(1/21)=6.50,
o<.019) with PM latencies shorter than those for
AM subjects (AM 17.57 5, PM 15.365); 2 signifi-
cant D effect (F{2/42)=6.19, p<.004) with de-
creases in response latencies over Ds {D 1 -17.53,
[22-16.38 and I2 3 - 15.62 s); and a significant
TOT effect {F{3/63)=8.15, p<.0001) reflecting
increases in response latency over time. These

results are graphed in Figure 29.

. Latency of second response

The analysis of time berween identification of 2
aircraft at the same altitude and the decision that

provided the foilowing significant results, Ti.ere
was a significant Gender effect (F(1/21)=6.71,
p<.N17), with males responding more rapidly
than females {5.16vs 6.69 s); a significant Gender
by TD interaction (F(1/21)=8.07, p<.010) ac-
counted for principally by males participating in
the PM sessions responding more rapidly than the
other 3 groups (males participating ia the morn-
ing and females participating at either time). The
D effect was nort significant (F{1/21)-4.04,
p<.057); for males, the AM and PM response
latencies were 6.61 and 3.72 s, respectively; for
females, 6.46 and 6.95. The TOT effect was not
significant. Figure 30 depicts the changes in la-
tency of the second response.
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Figure 28. Missed events as a function of
Day. Tirme on Task, and Time of Day.
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DISCUSSION

Table 1 summarizes the results of 2l the analyses.
We should point out some possible inflation of ef-
fects. A number of measures may be significantly
correlated with each other. We chose to ignore this
confound, since we expected such correlations to be
relatively small. A second reason for not considering
this porential confound in our analysis was the suppo-
sition that if variables are sigrificandy correlated,
they should show similar patzerns of change over time.
This obviously is not the case. For example, one
would expect the pattern of change over time for blink
amplitude and blink closing duration to be similar,
since there should be some relationship between am-
plitude and the time taken by the eyelid 1o cover that
distance. For the blink closing duration measure, the
greatest change is between the 10- and the 30-m
samples (Figure 3) while for blink amplitude, the
greatest shift occurs berween the 90- and 110-m
samples [Figure 8}, On the other hard, the relation-
ship between the closing duration and rhe 50% win-
dow duration measure should be closer, since these
measures overlap (Figures 3 and 5. Both show similar

pattcrns.

I - BLINK RATE

Our finding of asignificant increase in blink rate as
a function of TOT is in agreement with much of the
literature (reviewed in Stern, Boyer, and Schroeder,
1994). Thar article, which reviews the literature on
blink rate as a measure of “fatigue,” concludes that
evidence for a TOT effect is compeiling, and that for
fatigue effects a reasonable inference. The best evi-
dence for fatigue effects comes from studies in which
subjects were sleep deprived or in which environmen-
tal variables such as lighting were degraded. These
studies further suggest thart farigue effects are best seen
when the purported measure of fatigue (such as blink
frequency) is obtained during prolonged rask perfor-
mance, rather than during “tests” conducted immedi-
ately after prolonged performance, especially if these
test sessions are of short duration.

Table 2 identifies a few studies demonstrating
increases in blink rate as a function of TOT. [a the

present study, blink rate increased from a2 mean of

13.4 per m duting minutes 10-15 of task performance
to 17.8 per m during minuces 110-115. This is an
increase of approximately 30% over a 1-h and 40-m
period, an increase somewhat less thar might have
been expecied by extrzpolating {rom the resules pre-
sented in Table 2. However. our first evaluarion
occusrred after 10 m of task performance. Had we used
the initial 5 m of task performance as our “baseline”
measure, the results would probably be concordan:
with those reported in the literature. It may onlv he
coincidence, bur our results are most similar to che
Mourant (1981) study. Both studies had subjecss
wotking at a CRT, though the 1asks performed were
markedly different. It would be nice to be able to say
that the increase in blink rate is purefy 2 TOT or
“fatigue” phenomenon. However, a numbe- of ciher
variables, also affect blink rate. Before turning 1o these
other variables we will briefly review studies that have
demonstrated increases in blink frequency as a func-
tion of TOT.

Table 2 demonstiates that a variety of tasks, where
duration exceeds half an hour, demonstrares signifi-
cant increases in blink rate. Thus, driving an automo-
bile, a rruck, or airplane simulator, vigilance task
performance (Mackworth Clock rest), reading, and
reading from a CRT, all lead to increases ia blink
frequency, ranging from 30 to 300%. Studies demon-
strating this effect date back at least to 1895, when
Katz, using himself as subject, demonstrated increases
in blink frequency while reading. He artributed the
increase to “retinal fatigue,” bur also reported that
requiring the subject to make frequent changes in
accommodation and vergence produced increases in
blinking. Our finding cf 2 30% increase in blink
frequency over the 1-h 4)-m period elapsing between
the first and last 5-m samples evaluated is on the
“conservative” side of the changes reporred in Table 2.

Not all studies in which subjects were required to
perform for extended periods produced increases in
blink rate. Carmichael and Dearborn (1947) had
subjects read for a 6-h period. No significantincreases
in blink rate were reported for either college students
or high school students reading both easv and difficult
rext in hard copy or microfilm formac, These authors
compared their results to those of Hoffman (1946)
who, in a study preliminary to the Carmichael and
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TABLE 2
TIME-ON-TASK, INCREASE IN BLINK RATE

Burzation {hrs)

% ihcrezse

Author Naiure of Task
Buettger 1923 reading
Carpenter 1948 vigilance
Haider* 1876 driving simlulator
Hofiman 1946 reading

Luckiesh* 1937 reading, fight intensity

Morris GAT-1 flight simiulator
Mourant® 1987 reading CRT
Pfaff* 1976 driving, auto
Stern” 1976 driving, simiulator
Tinker 1945 reading

*only the first named author of the article is identified

200-300
47
80-190
71

R - A

288

27
78
257

W hn -

2838
33
167
31
38

COWN &
o

Dearborn study, had used the same equipment with
students reading for 2 4-h period. Hoffman had ob-
served significant increases in blink rate afrer the
initial hour of reading {(sec Table 2}. The major
difference between these 2 studies was thar in the
Carmichael and Dearborn study, rests of comprehen-
sion {12-13 per 6-h reading period) occurred afrer
every 20-25 pages of reading. Hoffman, on the other
hand, did not utilize comprchension tests; reading
marerial was easy, pay was less, and students were not
exharted to do well. Carmichael and Dearborn came
to the conclusion that well motivated subjects do not
demonstrate alterations in blink rate as a function of
TOT.

We suspect that a repeated measure ANOVA de-
sign, such as used by Hoffman {1940} would have
found significant increases in blink rate in the
Carmichael and Dearborn data. We also suspecr that
the technique used 1o analyze the data {criticai ratios)
was overly sensirtive o the large individual differences
in blink rate. Carmichael and Dearborn fortunately
present some of their summary dara in tables. Using
their rabled values, we compared blink rate at the start

25

of the experiment with blink rate at 1-hour intervals.
There were 6 such comparisons forall reading “events”
{easy and difficult; text and microfilm; college and
high school subjects). There were thus 2x2x2x6= 48
ratios calculated, 40 of these were positive, 8 negarive
{negative indicates that blink rate was smaller later, as
compared to the initial 5-m period of reading). If
there was no significant effect, one would have ex-
pected half of the 48 values to be positive and half
negative. Forty of the 48 values were positive. The
likelihood of this being a chance event is less chan .01,
We thus concluded that Carmichael and Dearborn’s
data demonstrate TOT effects. The average increase
across all trial blocks was 14%, while the average
decrease for the 8 negarive values was 1.6%.
Though not stated, we suspect that they sampled
their blink rates not at 30-m intervals as suggested,
but during the 5 m of reading immediately preceding
or following each of the 13 comprehension tests. This
might well lead to a lower blink rate in its own right,
since Ponder and Kennedy (1927} had demonsirated
that any interruption in task performance would lead

to an alteration in blink rate. We will not review the
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zcrimonious debate berween Tinker (1945) and
Bitterman {1945) on one side, and Luckiesh and Moss
{1937) on the other side, dealing with blink frequency
as 2 measure of fat.gue. Luckiesh, a lighting engineer,
presented a considerable amount of data demonserat-
ing that fatigue (as well as lighting conditicns) af-
fected blink rate, with an increase in blinking as a
function of fatigue. Tinker and Bitterman, both psy-
chologists, presented evidence refuring the Luckiesh
findings. Our review of the published resules leads us
to the conclusion that Luckiesh was correct, while his
critics were in error. (Stern er al., 1994).

Qur TOT effect on blink rate is at least suggestive
of farigue effects. Corroborating evidence will be
claborated in subsequent sections of this discussion.

Alterztions in blink rate also occur as a function of
the nature and difficulty of the task being performed.
Results of studies demonstrating this effect are pre-
sented in Table 3. There is 2 relationship berween
blink rate for both visual and non-visual tasks, with
the more “perceptually demanding” tasks producing
fower blink rates. Wilson (1993) has demonstrated in
pilots flying the F4 Phantom A/C that the lowest
blink rate and shortest closure duration blinks occur
during high workload segments of the tasks. Many
authors have demenstrated that the blink rate during
reading is significantly lower than during “non-read-
ing” periods (Ponder and Kennedy, 1927). Other
situations, such as solving arithmetic problems (Gille
et al., 1977; Tanaka & Yamaoka, 1992); vocalizing
during vs. quietly solving problems {Schuri and von
Cramon, 1981); social vs. non social perceptual tasks
(von Cranach, 1969); large vs. small angular gaze
displacement (Watanabe et al., 1980); being engaged
in discussion vs. listening {von Cramon, 1980); in-
creased levels of muscle tension induced by squeezing
ahand dynamometer (Kingand Michels, 1957; Lovaas,
1960); and easy vs. difficelt auditory tracking task
(Gregory, 1952) all lead to higher blink rates than the
comparison condition.

A number of hypotheses have been invoked to
account for the increase in blink rate as a function of
TOT. The first suggests that visually demanding
rasks, such as reading, lead ro blink inhibition. Thus,
the increase in blinking over rime is atiriburable 10 a
decrease in the ability to maintain such inhibitory

control. A second hyporhesis ateributes the increase in
biinking to increases in muscle tension and/or overs
moror activity associated with attempts to sir quiedly
while performing a task for extended periods of time.
A third possibility is that, in complex tasks, such as
used in the present study, there is a reduction in rask
difficulty (learning effect) as a function of TOT. A
reduction in the allocation of attencional resources 1o
the task at hand would require less inhibition of
blinking. Not only might one expect the task to
become easier within aday but one would expectsome
transfer from day ! to subsequentdays. Such atransfer
of training should be manifest in a significant DAY
effect or an interaction involving DAY, Significan:
DAY effects were obtained for 4 oculometric vari-
ables: blink rate, blink closing duration, eyelid closure
frequency, missed events and response, as well as the
time to event detection performance measure. Blink
rate, blink ciosing duration, and eyelid closure fre-
quency increased, while performance measures (the
number of missed events and response time to detection
of aircraft at the same altitude) improved over DAYS.

To give credence to any of these hypotheses, it
would have been desirable to have rezorded blinks
under “non-task” conditions to determine if task
performance, in fact, led 1o blink inhibition. There is
considerable variability in “resting” blink rates across
studies. However, the majority of studies reviewed in
Table 4 had higher resting blink rates than those
obtained early in task performance in cur experiment.
It thus may not be unreasonable - suggest that
performance of the ATC simulatien :ask leads to
blink inhibition. Table 4 summarizes studies in which
blink rates were obrained under “resting” and at least
1 “task” condition.

The inhibition of blinking associated with de-
manding visual rask performance, such as reading or
piloting an aircraft or, in the present context, per-
forming the ATC simulation task, can be accounted
for by the “minimal disturbance hypothesis™ sug-
gested by Knorr (1924). This hypothesis takes ac-
count cf the fact thar during and bracketing saccades
there is “saccade suppression,” i.e., a marked reduc-
tion in visual acuity. During and surrounding the
period of a blink there is also suppression of visual

information {(Wibbenmeyer, Stern and Chen 1983},
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TABLE S
TASK (DIFFICULTY) AND BLINK RATE

Author Tasks compared Eifect oblsined
Carmichael 1947 reading N
Clites 1835 logical probs, ment. arith., visual percpetion Y
Gille 1977 # copying, mental arith., solving Y
Gregory 1852 non-visal task Y
Haider 1876 simulator driv. - 3 leve| diff. Y
Hare 1971 viewing slides-affect Y
Holland 1875 count b'wd, memory, rest Y
King 1857 dynamon, tens. levei Y
L.ovaas 1860 dynamon, tens. level Y
t uckiesh 1937 light intens., ment. arith., reading, conversation Y
Peterson 1931 reading, unoccupied Y
Poulton 1952 visual tracking Y
Schuri 1981 vocabulary and quiet prob.solv. Y
Stern 1984 pilot vs. copilot aircraft Y
Teiford 1833 mental arith., rest. Y
v. Cramon 1980 resting, reading, listen, question, discuss Y
v. Cranach 1964 “social,” “non-social” Y
Watanabe 1980 angular displacement, target Y
Wilson 1933 piiot high & low workload Y
Wood 1983 problem solving, easy, diff. Y
TABLE 4
BLINK RATE AT REST PLUS OTHER CONDITION
Author Rate rest Task Condition Rate
Gregory 1952 22 stylus maze 19
Harris 1966 22 muscle tension 28
Holland 1975 H count backwards 5
Martin 1958 18 response to questions 34
Peterson 1931 15 reading 4
v. Cramon 1980 12 discussion 27
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The co-occurence of these 2 evenrs, then, would
produce the ieast interference with the ability to take
in visual information. Knorr found that blinks are
inhibited during reading and that those biinks which
do occur, occur at points in rime vhere :hey interfere
minimally with information acquisition, such as at
the end of a line of text or at the end of a paragraph.
Orchard and Stern (1991) similarly report that blinks
are more likely to occur in conjunction with line
change saccades, and add regressive saccades and
fixation pauses preceded by regressive saccades o
Knorr's list. Ina non-reading context, Watanabe etal.
(1980) required subjects to shift gaze from a centrally
prfsenred LED 1o LEDs at various eccentricivies, with
a return to the central LED after completion of the
required gaze shift. They reported that most blinks
occurred as gaze returned from the peripheral to the
central display, i.e., few blinks occurred while the eves
were moving to the required location. They also
reported that blinks were more likely to occur with
large, rather than with small angular displacement of
the eyes. Fogarty and Stern (1989) have found similar
resuits. Subjects required to abstract and respond to
information presented at a peripheral location seldom
blinked as gaze shifted to the target location and were
most likely 10 blink as gaze returned o the central
location. These authors also noted that the return
from alarge amplitude gaze shift (40 degree} was more
likely to lead to a blink during gaze return than a small
amplitude gaze shift (15 degrec). Galley (1993) also
found blinks to be non-random events. In a driver
simulation task, he reported that “probability of a
blink is very finely tuned to the end of the interfering
inspection of the target field.” Our interpretation is
that people suppress blinking behavior thie nearer they
approach the critical target period, and release the
blink when target identification is done.” /7. 1067).
The breakdown of such inhibitory coniro! or the
breakdown of the tight rime locking berween blinks
and saccades as a function of TOT is, in our opinion,
a reasonable hypothesis to entertain further 1o ac-
count for the demonstrated TOT, or perhaps “fa-
tigue” effect. Bartlett (1943), in his lecture on fartigue,
stated:

28

in other words, he [the fatigued subject] could, wichin the
fimits of fa.igue set by the experiment, s:iif carry out the local
actions of control as well or benter than ever [when task
demands were altered]; but he could not mainrain the orga-
nized, co-ordinated andrimed responses for raore than a shont

period. — P. 253

The finding of greater blink frequencies for female,
as compared to male subjects, deserves furiher explo-
ration. It is possible that this is a “real” effect. On the
other hand, it may be secondary, for example, to the
wearing of contact {eases, which may be more fre-
quent in females than males. (We, unfortunately, did
not record whether subjects wore contacr lenses.)
Orchard (1993, personal communication) has dem-
onstrated that even soft conract lens wearers engaged
in reading have a higher blink rate than non-contacr
lens wearers. Sex differences have occasionally been
described in the literature. Ponder and Kennedy
(1928), in their seminal article on blinking, presented
some data on differences in blink rate between men
and women. Their results indicated no simple rela-
tion, but one dependent on the situation in which
blinking was evaluated.

The finding that blink rate increased significantly
over the 3 days of data collection suggests a number of
possibilities. The first is that the task becomes easier
over days. Poulion ana Gregory {1952), for example,
demonstrated that increasing difficulty of a tracking
task led to a significant decrease in blink frequency.
Stern and Skelly (1984) demonstrared significant
differences in blink frequency between the pilot in
control of an aircraft (simulator) and the copilor, with
the former blinking significantly less frequently than
the latcer. Thar study also demonsrrated that as the
difficulty of flying the aircrafrincreased, blink inhibi-
tion increased. The increase in blink rate over days
may thus be associated with a reduction in task diffi-
culty, i.e., learning. Aside from learning how to per-
form the task more efficiently, they also may have
learned from their day 1 experience that infrequently
occurring cvents never occur in rapid successions.
Thus, blink rare following the identification of such
an event may have increased, accounting for the
overall increase.



Clearly, not all types of increases in 1ask difficuity
are associated with a decrease in biink rate. In our
studtes requiring subjects to make temporal diserimi-
nation {visually as well as auditorily presented stimuli},
we have not been able to demonstrate an association
berween rask difficulty and blink rate, though Poulton
and Gregory (1952) reported differences in blink rate
as z funcuion of difficulty of a trackin~ rask.

it is also possible that “fatigue”™ or “motivational”
variables contributed to this finding. We think of the
ATC task as one requirtng the inhibition of blinking.
Fauguecora reduction in motivation, l.e., attention to
the task at hand, could well reduce such inhibitory
control. We can discard the hvpothesis that motiva-
tion to perform the task may have waned over days on
the basis of improved performance over days, e,
subjects missed fewer infrequently occurring events
on D 3 than they did on D 1, as well as feweron D 2

than I 1, and response times became faster over days.

Il and IIT -BLINK CLOSING DURATION AND
50% WINDOW

In earkier studies {Goldstein, Walrach, Stern and
Strock, 1985; Bauer, Strock, Goldstein and Stern,
1985; Bauer, Goldstein and Stern 1987), where the
period of task performance was less than 1 hour, we
found that both the £J% closure measure, as well as
the closing duration measures, increased significantly
as a function of TOT. The effect generally was more
robust for the 50% window measure. This measure is
also affected by task requirements, with visually de-
manding tasks leading to shorrer 50% window dura-
tions than visually or auditorily less demanding tasks.

The closing duration measure, like blink rare,
showed a significant effect for both TOT (Figs. 3 and
5}, as well as Ds (Figs. 4 and 6) while the 50% window
measure only showed the significant TOT effect. For
both variables, the greatest increase occurred between
samples taken at 10- and 30-m of task performance
following the latter point in time increments in both
closing duration and 50% window, appear to be quite
constant across successive samples. Like blink rate,
which showed a significant increase over days, blink
closing duration also demonstrated such an increase;
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the pattern of increase is, however, quite different
suggesting that these 2 measures tap different aspects
of the TOT phenomena.

Recall that the closing duration measure is an index
of the time taken from the inittatien of hd ciosure
{associated with a blink} to the pointin time where the
lid is fully closed, while the 50% window measure is
the rime between the lid reaching half the full closure
and the point in time where the lid returns through
that same level during reopening. We should point
out that our algorithm for the identification of 2
closure-reopening as a blink requires that the 509
window measure be complered in a specifiable time
frame, which in this study, was set at 300 msec. Eye
position shifts during a blink, and quite frequently,
the blink does not return to the 50% level during the
reopening phase. This occurs because eve position on
reopening is higher in the visual field than before
closing (for example, blinks occurring as gaze returns
from the keyboard back to the CRT). Thus, data had
w be edited 1o zllow the computer algorithm 1o
identify such blinks. Such editinginvolved setting the
initiation of blink at the level of the eye position
obtained zfter reopening. Such editing reduced aver-
age amplitude, closing duration, and 50% window.
The amount of such editing did not changs apprecia-
bly across time blocks and, thus, did not contribute to
TOT affects. Qur editing, therefore, arrificially re-
duced these variables. Nevertheless, our TOT variable
demonstrates an increase in closing duration and 56%
window as 2 function of TOT. Thus, it is a robust
effect.

The 50% window duration measure again is sensi-
tive ro TOT effects, but like blink rate, and unlike the
closing duration measure, the change over time is a
linear ene. Though narrowly failing {at P< 061 and
P< .057) to meet our criteria of acceprability for
statistical significance, we would like 1o discuss the
two Z-way interactions, both of which involve Ds as
one of the variables. The D x Gender interaction (Fig.
6) indicares that, similar to the prior 2 measures, this
one also increases over Ds; however, the increase is
signtficantly slower for the female, as compared to the
male subjects. The D by TOT interaction (Fig. 7)
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indicares that the slope changes over Ds. The major
effect is thaton Ds 1 and 2, the 30% closure duration
measure siarts {rom a lower level than for D 3. This
mezsureattains approxsmately the same level at minute
110 for ali 3 days. We suspect that this measure is
affected both by TOT, as well as task difficulty or
degree of “engagement” of the subject in task perfor-
mance. The relationship between these 2 variables is
not a simple one. If we cap take the finding that this
variable discriminates D 3 performance from both Ds
1 2nd 2 as indexing alterations in perceived difficulry,
then the finding that ail 3 Ds end up at the same level
suggests that we ate dealing with a ceiliag effect or that
after abour 2 h, task difficulty is perceived similarly
across Ds.

We (Bauer et al., 1985 and Stern & Skelly, 1984)
have previously demonstrated TOT effects similar ro
those obtained here. In the Bauer et al. siudy, subjects

-erformed a visual or auditory temporal discrimina-
tion task for 45 m. The 50% window measure changed
from 133 msec. early in task performance to 148 msec.
for approximately the last 5 m of the 45-m task. The
Stern and Skeily (1984) study, performed in a flight
simulator with Air Force pilots flying a 5-h bomber
mission, also demonstrated significant TOT effects
for this measui 3, as well as significant effects attribur-
able to differences in task demands on the pilot during
different flight segments. For example, the pifot in
command of the aircraft demonstrated significantly
shorter 50% window durations than the copilot. The
nature of flight maneuvers also significantly affected
average window duration with “weapons delivery”
and “threatavoidance,” producing significantly shorter
window durations than cruising at alticude or “nap of
the earth” flying. The present results suggest that
performing the ATC simulation task was more de-
manding of the participant on D 1 as compared w0
successive s, or that subjects had ro pay closeractention
to task performance early on D 1 than on subsequent Ds.

This measure thus appears to be sensitive to both
TOT and motivational effects. To theextent that closing
duration and the 50% window measures reflect
momentary reductions in motivation {also considered
as momentary drops in alertness or attention to rask},
the monitoring of these variables should allow one 10
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predict that if 2 brief stimulus requiring 2 response
occurs in close temporal relationship to such a blink,
then the likelihood of a performance drop-out or
“performance block” (Bills, 1931} is markedly en-
hanced. We should, however, point out that lon

closure duration blinks, unfortunately, do not uniquely
identify the occurrence of a petformance “block.” We
have also observed longer closing duratien blinks
while subjects stored and rehearsedinformation. (Stern,

1992; Goldstein, Bauer, & Srtern, 1992).

IV - BLINK AMPLITUDE

Blink amplitude has, in our previous laberatory
studies, seldom demonstratea TOT effects. The only
major finding dealing with this variable demonstrar-
ing TOT effecss is a study by Morris {1984), in which
pilots were sleep deprived and required to fly a 4-h
cross country simulated mission the following after-
noon. His results demonstrated significant decreases
in blink amplitude over time. These resulis were
interpreted as suggesting that, late in task perfor-
mance, the cyes were partially closed, so that the
distance the eyelids had to move during a blink was
markedly attenuarted. In the current study, we have a
significant increase in blink amplitude (Fig. 8} over
TOT, and a significant interaction involving Gender,
D, and TOT. One rationalization to account for the
TOT effect is to suggest a change in head position
over time. If there is a significant increase in head
droop, i.e., the chin moving closer and closer to the
chestas a function of TOT, this would require a wider
opening of the palpebral fissure to allow the viewer to
see the upper postion of the CRT. Such a wider
opening of the eyes would resultin an increase in blink
amplitude. This change in blink amplirude over time
isequally well seen in Fig. 9, where the data are broken
down by Gender and D. Mates, at comparable poinzs
in time, appear to demonstrate smaller amplitude
blinks than the female participants in this study.
Though fernales showed less variability over days on
this measure, they still demonstrated a reasonably
finear increase over Ds with successive Ds starting out
and ending with greater amplitude blinks than on earlier
Ds. For males, this pattern did not cccur.
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V - LONG CLOSURE DURATION BLINK
FREQUENCY

Long closure duration blinks again showed consis-
tent changes over the 2-h period, without any sugges-
tion of reaching an asymproze (Fig. 10}. These results
are again concordant with earlier studies from our
laboratory (Stern, Goldstein, and Walrarh, 1984). In
the present study, subjects were alerted if they missed
an infrequently occurring event. Since these events
occurred relatively infrequentdy, and since rask dura-
tion was considerably Jonger in the present wask, there
were many opportunities for the occurrence of long
closure duration blinks and closures. The inreraction
berween Gender, TD, and TOT (Fig. 11) suggests a
markedly different pattern between males and females
as a function of TD of participation in the experi-
ment. If an increase of long closure duraticn blinks
overtime is symptomatic of fatigue effecrs, then males
participating in the afternoon developed this effect
more strongly than those who participated in the
morning. On the orher hand, females who pardici-
patad in the afternoon run showed a low level of LCD
blinks and little change in their occurrence over rime.
Females who participated in the morning showed a
pattern similar to that seen in males in the afternoon.
What might account for these effects? We know of no
literature that ascribes a differential effect in complex
task performance to Gender as a function of TD. The
literature on circadian rhythms, demonstrating dif-
ferences in performance between subjects identified as
“morning” or “evening” types (on the basis of body
temperature changes over the 24-h cycle), does not
provide us any clues abour the Gender effect.

V1 - EYELID CLOSURES

In the present study, eye closure frequency also
increased significantly as a function of TOT and D,
supporting the idea that motivational (and/or learn-
ing) variables, as suggested earlier for the 50 % win-
dow measure, may account for the D effect. These
results also suggest that there may be a significant
correlation between these 2 measures. Are they mea-

suring similar or different cffeces?
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Vii - BLINK FLURRY FREGQUENCY
‘The blink flurry measure is a relarively new one for
us, though there is precedence to suggest an increase
in chis varizble as a funcrion of TOT We suspect that
flurries may be associated with 2 “momeniary” and
marked reduction in blink inhibition. It is aur im-
pression that such flurries most frequently occur fol-
lowing rhe idenrification of infrequently occurring
signals and also prior to, and following, periods of eye
closures. These events both appear 1o be times when
attention is likely to lapse. In our review of the
licerature, we came across 3 comments about flurries.
Carpenter (1948) reported that periods of blink inhi-
bition in which subjects appeared to be staring, were
sometimes followed by a “burst of blinks.” Carpenter
did not comment further abour this phenomenon.
Yamada (1992) reporred flurries of blinking following
task completion Their observations, thus, are concor-

dant with ours. Frolov (1990} reports as follows:

In tracking rare random visual signals “volleys of akereffects”
were noticed which were the ER [eye response} at the time
when the operator ended the tracking [of a dot moving across
the face of the CRT in20 seconds| and was geuting ready to
wait for new signals. The “volley” indices were compured for
minute-long intervals, which followed ends of tracking.
These paramerers were found sensitive 1o the complexity of
the rask for che subject. — p. 74

Itis our impression thart the “voliey of aftereffeces”
is similar to our measure of blink flurries and that our
observations are concordant. Thus, one can identify 3
separate studies, all of which have observed blink
flurries and have time-locked them to specific events.
As depicted in Fig. 13, the major effect appears be-
tween m 10 and 30 and again berween m 90 2nd 1190.
Between m 30 and 90, there do not appear to be
consistent changes in this variable. The 2 significant
interactions again suggest that there is greater inhibi-
tion of flurries early in rask performance, and this
effect is most apparent on D 2. Thus, we again see
changes over D. The major difference for this variable
appears to occur between D 1 and rhe other 2 Ds.
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VWhen the resuits are broken down further, because of

the triple interaction involving TCT x G x D, &t
appears that the changes over time are principally
atinibutzble to the results of the female subject group.
Males demonsirate a semewhat random partern, both
with respectto TOTxD effects . Females appear to not
only demonstrate more flurries than males, but the
pattern of flarry activity discriminates their D 1 from
the other 2 Ds of measurement.

Since an initizl analysis of similar data had found
net ony an increase in flurry frequency, bur also an
increase in the number of blinks constituting a flurry
as a function of TOT, we again evaluated this ques-
rion in the combined data set. As is apparent from
comparing Fig. 13 with Figs. 16, 14 with 17, and 15
with 18, these 2 measures reflect the same phenom-
enon. Thus, we concluded that in the present data set,
the TOT effect is restricted to Flurry Frequency. We
have no evidence in this data of an increase in the
number of blinks constituting a flurry as a function of
TOT.

Why is there an increase in flurries as a function of
TOT? Do flurries occur at random time points or arc
they related to other events? It is our impression that
flurries do not occur at random time points. Flurries
are most likely to be seen after the subject has re-
sponded to an infrequently occurring event and are
seen (somewhat less frequently) preceding and/or
following eye closures. They are also frequently seen
when the subject realizes that the experimental proce-
dure has been completed. There is inhibition of blink-
ing during the period of identifying and responding to
such events. One possible rationalization for the flurry,
but not our favorite one, is that these blinks occur as
“catch-up phenomena” to make up for blinks missed
while detecting, identifying and responding to an
“event”. The rationalization we believe to be correct
suggests that the flurry of blinks occur because the
subject has learned that another “event” will not ocenr
for some time. Thus, the flurry indexes a period of
reduced alertness or attention 1o the rask. This latter
interpretation is reinforced by the fact that during 2
flurry, ene also sees little saccadic activity in the
horizontal plane. Another pointin time where flurries
are likely to occur is preceding and following an eyelid
closure. It appears as if a flurry ~f blinks is an attempe
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to ward off an eve closure. We thus suspect thar a

measure incorporating the concurrence of furriesand
long duration fixation pauses may be z useful measure
of reduced alertness.

Though not systemarically studied by anyone to
date we, as well as others {(Yamada 1992), have ob-
served flurries of blinking at the end of an experimen-
tal run. Yamadi (1992}, for example, had children
perform a number of tasks, ranging from watching 2
video-animation (Snoopy and Charite Brown), per-
forming the STROOP test, and playing a video game
{Nintendo Super-Mario IiI}. He reporets “Subjects’
blinking was inhibited just after the initiation of each
task. When the given task [was} finished, blinks oc-
curred in bursts” (p. 4).

Results for the blink analyses discussed to this
point suggest that: 1) that a number of blink param-
eters are sensitive to TOT effects; 2) some of these
effects wash out over Ds: and 3) that males and
femaleshave somewhat different patterns of responding.

IX and X - SACCADE RATE AND SACCABDE
AMPLITUDE

The second major measure dealt with aspects of eye
movements. When we use the term “saccade” here, it
shouid be pointed out that we were liberal in the
definition of saccades and included some pursuit eye
movements, especially if they were relatively fast.
Compensatory eye movements, however, were never
identified as saccades. We should point out that
pursuit eye movements constituted only a small pro-
portion of these “saccades.” The occurrence of sac-
cades (so defined) decreased linearly from the first 1o
the 90-m measurement peried, with the final mea-
surement at approximately the same level as the 90-m
feasure.

Saccade amplitude is affected by TOT. We have
tdentified 2 studies demonstraring significant ampli-
tude changes as a funcrion of TOT. Malmstrom,
Randle, and Murphy (1981) obtained a lincar de-
crease in saccade amplitude of 0.29 degrees per m as
well as a significant shift in accommodation (0.11
diopters per m) as subjects performed 2 scanning
tasks, each for 2 total of approximately 6.5 m. In the
task dernonstrating saccade amplitude effects subjects
were required to track a sinusoidally moving target



{horizontal plane at 0.4 hz, 18 degree amplitude) for
13 consecutive 30-s pertods. They obtained a 9% loss
of
from 15.4 1o 14.3 degrees over the 6.5 m period. No

phase lag changes of eye position with respect to target

range, with extent of eye movements decreasin

position were obtained. The authors concluded that
the significant change in saccade amplitude cannot be
accounted for on the basis of refractoriness of the
muscles controlling eye movements and suggest a
CNS mediated change. May eral. (1985) recorded eye
movements while subjects performed non-visual tone
counting tasks differing in complexity. Eye move-
ments were studied under a “free viewing condition,”
1.e., no restriction on eye movements, and a condition
where subjects were required 10 shift gaze berween
LEDs 20 degrees apart, with a gaze shift required every
5 s. Spontaneous (non-stimulus triggered) saccades
decreased in amplitude as a funciion of TOT. Of
further interest, though not direcely relevant here, is
their reporting a decrease in saccade amplitude as a
funcrion of task difficulty {with no effect on saccade
velacity). There was, thus, limited support for evalu-
ating saccade amplitude effects before considering
saccade duration or velocity effects.

We should preface discussion of our resules wich 2
brief comment on other variables that can contribute
to finding changes in saccade amplitude as 2 function
of TOT. The major variable of concern is the head’s
position relative to the CRT. In the studies identified
above, this was controlled by immobilizing the head.
1 the head is free 1o move, as is true of our experimen-
tal sicuation, then changes in saccade amplitude may
well be secondary to changes in head position. Mov-
ing away from the CRT display would ¢ 2crease the
visual angle subrended by the displey, and result in
decreased saccade amplitude. Moving the head closer
to the display would have the opposite effect. The
chair on which our subjects sat was not attached to the
floor, but subjects were not likely ro move it during an
experiment. Subjects could, however, shift their posi-
tion on the chair. They could sit up straight and move
their upper body toward the CRT; they could also
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slouch in the chair, thus moving their eyes further
away from the CRT. Such body movements might
account for the obrained changesin saccade amplirude as
a function of TOT. We suspect, however, that this is
not the case. We would constder such movements as
unwanted “noise” in our signal analysis, since there is
no reason for them 1o be time-locked 10 events occur-
ring on the CRT, i.c., we would not expect shifts in
body pasition te occur at specific times, bur suspect
that they would occur quite randomly, with perhaps
an increase in frequency over time.

With a decrease in saccade frequency one might, or
might not, expect an increase in saccade amplitude. If
one believes that the area searched should decline over
time, one might expect not only a decrease in saccade
frequency, bur in amplirude as well. The current
search rask, however, did not involve the random
presentation of stimuli across the CRT. It will be
recalled that the subject’s principal cask was to moni-
tor aircraft moving along 2 vectors. Thus, as long as
subjects are performing this task, ene would not
expect a decrease in saccade amplirude. One might
expect no change, or an increase in saccade amplirude
as saccade frequency decreased. The significant changes
in saccade amplitude do not relate well to the changes
in saccade frequency. While the latter changes is a
reasonably linearly fashion as a function of TOT, the
saccade amplitude measure shows a sudden shift be-
tween the 50- and 70-m samples with decreases in
amplirude for other segments. Had we any expecta-
tion about this variable, it would have been that it
mirrors saccade frequency changes. This is obviously
not the case. Why there should be a sudden increase in
saccade amplitude between the 50- and 70-m mea-
surement period is a mystery. To evaluate the robust-
ness of this phenomenon, we conducred the following
analysis. We tallied the number of times thar each of
the 25 perticipants demonsirated ar increase or de-
crease in saccade amplitude from the 10- 10 the 30-m,
the 30- ro the 50-m, the 50- to the 70-m, the 70- to the
20-m and the 90- 1o the 110- m blocks.
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These resubis were compiled for each of the 3 Ds of
analysis and are presented in Table 5. The effect is 2
robust one and was obtained on all 3 Ds. Thus, en D
I, 23 of the 25 subjects showed an increase in average
saccade amplitude berween che 50- and 70-m time
periods. A stmilar effect is seen for Ds 2 and 3.

We also have no rationale to account for the sus-
tained elevation in saccade amplitude for the last 2
measurement periods. Saccade amplitude increases
are most likely to occur when the operator moves
closer 1o the display. Why a majority of subjects
should make such a move at about the same time
during task performance is equally mysterious.

The Gender by TOT interacuion suggests that the
slope is steeper for females and that saccade amplitude
also discriminates between the sexes. However, we did
not attempt to calibrate eye movement amplitudes to
allow for 2 test of the hypothesis that the amplitude
differences rerlect differences in extent of gaze shift
accomplished. [t is quire possible that the obrained
differences simply reflect differences in variables, such
as distance between the eyes, ot distance beeween the
CRT and the eyes.

What is nevertheless perplexing is the significant
Saccade Amplitude x Geader x TD interaction, where
the pattern of saccade amplitude differences as a
function of TD cleanly discriminates between the
sexes. Female subjects run in the morning hours show
the largest amplitude saccades for females, while for
males, the largest amplitude saccades were found in
those participating in the afternocon. This is a be-
tween-subjects effect and since the number of subjects

ser group was small, could be z fortuttous finding.
Future research will have to determine the reality of
this effect,

Xi zad XJI - FIXATION DURATION AND
FIXATIONS IN [ SECOND TIME BINS

Fixation Pause

There is a paucity of reszarch dealing with changes
in fixation pause duration as a function of TOT. It s
clear from the literature that in complex tasks, such as
scanning an instrument panel during flight, that nei-
ther the search pattern nor the time the eyes dwell at
a particular location are random processes (Ellis and
Stark, 1968}. Statistical dependencies, independent
of the placement of specific instruments, are the rule
rather than the exception, and most subjects demon-
strate specific patterns of search activiey while dealing
with component aspects of the task of piloting an
aircraft {Stoliarov personal communication 1991).

A number of studies have used secondary task
technology to evaluate aspects of work load associated
with a visual task on scanning performance. The
results of such studies, while tangential ro the present
study, provide some relevant information. Tole er al.
(1982), demonstrated, in an aircraft piloting task,
that fixation pause durations increase as a function of
task difficulty of the secondary rask, a verbal loading
task. Scanning behavior was also detrimentally af-
fected, with novice pilots showing grearter restricrions
of scanning behavior than skilled pilots as secondary
load increased. Another finding important for us was
that, as loading increased, so did dwell time (fixation

TABLE S

NUMBER OF SUBJECTS DEMONSTRATING AN INCREASE (+) OR
A DECREASE (-} IN SACCADE AMPLITUDE BETWEEN SUCCESSIVE

DATA BLOCKS.

BLOCK (min) DAY 1 DAY 2 DAY 3

+ - + - + -
10-30 10 15 12 13 11 i4
30-50 9 16 12 13 8 17
50-70 23 2 22 3 22 3
70-90 S 16 4 21 8 17
e0-110 9 16 T 14 g 18




durztion) on each instrument. The increase, in some
cases, was large encugh so that these authors referree
o the subject “staring” at the display. Stares are
defined as dwell times in excess of § 5. The highest
secondary load condition produced increases in stares
ranging from 3.7 to 23 4 percent for the 6 subjects for
whom data are presented ‘.mean increase of 12.7%,
S.D.7.7).

There is a vast literature dealing with fixation
pauses asscciated with reading. Hoffman {1946} had
subjects read without interruption for 4 h. He re-
ported a significant decrease in hoth rhe number of
fixations and the number of fines read within the first
30 m of reading performance. Varizbility (SD) of
number of fixations per line increased; the increase
was significant after 2 h of reading. Average fixation
pause durarion (interpolated from saccade frequency
data, Fig. 4) was 280 ms, at the first sample and 316
ms. at the 4-h completion time sample, approximately
2 13% increase {compared 102 0 1o 8% increase in our
study).

Carmichael and Dearborn (1947) reported (using
critical ratio statistics) mean differences in saccade
frequency of 3 of 12 comparisons for both of their
reading rasks. The general pattern appears to be one of
high reading efficiency for the first 5 m of the reading
task. There isa marked drop at the 30-m measurement
period with relatively asymptotic performance from
the second through the sixth h of reading. [tshould be
remembered thar reading was interrupted after every
20-25 pages for comprehension checks. Though these
authors minimize the importance of the obrained
TOT effects, to thosc looking for such effects, there is
abundant suggestive evidence that, had they used
more appropriate statistical tools (available at the
time), they would have obtained a TOT effect.

The specifically useful references for our evaluation
are the Tole et al. studies, which suggest a decrease in
saccades and an increase in fixation pause duration,
especially long pauses as secondary task demands
increase. 1 we can, instead of invoking secondary task
demands {which require the allocation of atrentional
resources), conceive of TOT effects as requiring greater
allecation of attentional resources to the primary rask,
or theallocation of atzentional resources to counteraer

boredom, fatigue, physical discomfort. daydreaming,
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and othe: variables associated with TOT (which can
also be conceived of as secondary tasks, albeir not
under the control of rthe experimenter) we would
expect both a decrease in saccade frequency and an
increase in long duration fixation pauses (Tole’s stares).

Two analyses dealing with fixation pause duraiion
were conducted. The £irst deaft with median fixation
pause durations. This was, as one would expect from
the saccade frequency results, found to generate sig-
nificant increases ir, pause duration as a function of
TOT. The next question asked of the data was whether
this increase reflected simply an increase in average
fixarion duration or whether it might be accounted for
by a shift in the distribution, i.e., could the increase be
accounted for by a shifr in enly the frequency of
occurrence of unusually long fixarion pauses, such as
might be associated with staring ar the display or
occasional ditficulties in making decisions? For this
analysis, we partitioned fixations into 4 rime win-
dows, namely fixarions less than 1 sin duration, those
between 1 und 2, 2 and 3, and longer than 3 s in
duration. As might be expected, the greatest percent-
age of fixations fell into the less than 1 s window
(87.8%).Though there isasignificant increase in long
duration fixations over time, the most dramatic shift
appears to be for the decrease in frequency of fixation
pauses under 1 5. Though the increase in long fixation
pauses as a function of TOT is, on an absolute basis,
relatively small, we believe that the occurrence of such
long fixation pauses, in general, index periods of non-
attention to the task. We say “in general,” because
thereare times during responding to the occurrence of
2 aircraft at the same altitude (one of the infrequently
occurring events) that a long fixation pause may be
appropriate. After identifying that 2 aircraft are at the
same altitude, the observer has to rerurn gaze to the
aircraft to determine whether they are flying away
from, or toward each other. A 6-s period elapses
between displaying 2 aircraft at the same altirude and
the next update of the display. Assuming that it took
2 5 ro identify that 2 aircraft were at the same altitude,
and another second to make the required response to
the detection of that event, the viewer has 3 s ro recurn
and fixate on ! of the atrcraflt, and, if he is forrunate,
in time to detect direction of motion of the second

aircraft during the same sweep. Since such evenrs
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occurred at most twice during any of the 5-m sam-
the TOT

oling periods, they cannor accounrt for
effects obtained.

XIif - PERFORMANCE

The finding that ail 3 performance measures, namely
missed signals, mean response latencies for the first
response, and mean latency to second response dem-
onstrated significant D effecrs, demonstrate that sub-
jects improved in task performance over days, and
suggests that they maintained a relatively high and
consistent level of motivation to perform the task over
the 3 Ds.

The significant TOT effect was limited to the first
2 measures, misses and latency of initial response. In
both cases, we see essentially poorer petformance over
time, with an increase in missed signals and an in-
crease in response latency. The lack of a significant
effect for latency of the second response requires
explanation. We assume that the level of alertness
declines from the starz ro the end of each session, and
that this is reflected in missed signals, as well as longer
initial response latencies. However, once 2 aircraft
have been identified as being at the same altitude, the
subjectis alerted that he next has to determine whether
the 2 are flying toward, or away from each other.
Though nort significant, we plotted mean response
latencies as a function of TOT for the second re-
sponse. On D 1, we see a decrease in response fatency
over TOT, with D 2 and 3 asymprtotic at abour the
same level that characterized the last segment of D 1.
This is, thus, the only measure in which there is
improv..nent as a function of TOT. We attribute this
improvement to the probability thar subjects are learu-
ing the location of the keyboard switch that has to be
actuated, with alertness at a reasonably constant level,
while for the other responses, alertness is decreasing as
a function of TOT.

The significant TD effect for the first response
latency measure, coupled with the almost significant
effect for missed signals, i.e., fewer signals missed by
subjects participating in the PM suggests thart after-
noon participants were generally more alert.

The TD effect was iimited to latency of first re-
sponse, with shorter latencies for the PM, as compared
to the AM runs. The TD effect was marginally signifi-
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cant for missed signals, with fewer missed signals for
the PM ruas. What might account for these signifi-
cant TD effeces? Folkard {1983) summarizes the lit-
erature dealing with the effect of TD on aspects of
“performance.” He points out that the idea that per-
formance on all tasks is equally affected by our * bic-
logical clocks” is a mistaken, though popular notion
whaose history can be traced back 1o Kleitman's work
on biological rhythms (1963). In general, simple
visual-motor tasks, i.e., tasks requiring immediate
processing and responding, such as simple reaction
time, letter cancellation, and card sorting tasks show
performance paticrns that mirror diurnal variatiensin
body temperatuse reasonably well. As body tempera-
ture thereases from 800 to 2000 hours, there is im-
proved performance on such tasks. However, short
rerm memory tasks (reading a short paragraph and
responding to questions about the material read)
demonstrate a steady decline in immediate recall
berween those hours. Interestingly, delayed recall is
better when material is read in the afrernoen. For
working memeory, some authors report peak perfor-
mance about mid-day.

No simple (or even complicated) rationale can be
invoked for better performance in the PM. The rask
certainly contains visual-motor, as well as short term
or working memoiy componeats. As is apparent from
Folkard’s review these variables would lead to oppos-
ing results with 1espect to TD effects. The fact that
PM performance was better than morning perfor-
mance might suggest thar short term memory effects
predominated in our task. They certainly are a major
component of the task, since subjects had to obtain
information about aircraft altitude for up o 8 aircraft
on a vector at 2my one time, then to “forget” that
information as the subject started to evaluate altitudes
on the second vector. The idea that this task makes
greater demands on short term memory is a post-hoc
inference not casily subjected to empirical verification.

The results for response latency for the second
response (only considered were trials in which the first
response was not cued) demonsrrared a different pat-
tern. First of all, there was a significant Gender effect
with males responding mote rapidly than females.
The Gender by TD interaction, coupled with the near
significant main effect for TD suggests chat the greatest



difference berween the AM and PM performance is
atrributable to male subjects. Those participaring in
the afternoon had mean response latencies approxi-
mately half the response latencies of those participat-
ing in the AM. Females, on the other hand, showed
stightly sherter response latencies in the morning.
These are intriguing empirical differences with no
theoretical reason to account for them.

The finding that TD effect is principaliy found for
male subjects raises ancther issue that could not be
answered by recourse to the literature. Folkard (1983)
makes no reference to Gender as a variable contribut-
ing to TD effects. Hancock (1983). in a chapter in the
same book, deals with the Gender issue, He refers ro
one study in which an interaction berween gender of
experimenter and subject was obtained. For male
experimenters, same-sex subjects show improvement
in performance efficiency, while females tend to per-
form more pcorly with male experimenters. The
present experiment did not systemarically vary gender
of the experimenter. Both male and female experi-
menters participated.

{n summary, our performance measures demon-
strated sigrificant improvement over Ds (all 3 mea-
.ures), significant decrements associated with TOT (2
measures), and suggestive TD and Gender effects.
Performance was better in the PM, as compared to
AM, and males demonsirated this effect 10 a grearer

extent than female participans {1 measure).

GFNDER AND TIME OF DAY EFFECTS

There were several oculometric effects involving
the Gender variable. The 2 main effects dealt with a
higher blink rate and larger saccade amplitude in our
group of females. There were 3 significant 2-way
interactions. In the first, a Gender x D interaction was
obtained for the 50% window duration measure.
Females had crisper blinks {shorter 50 % window
durasion) than males, and the increase in this measure
over Ds was smaller for the group of women. The
other 2-way interaction dealt with saccade amplitude,
in that there was a Gender by TOT (Fig. 21} and 2
Gender by TD inceraction (Fig. 22). The Gx TOT 15
a subrle effect, one most likely accounted for by a
greaser increase in saccade amplitude berween the 50-
and 70-m dara samples for female subjects and, per-
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haps, the small differences berween the time 10-, 30-
and 50-m measures. T he Gender by TD interaction is
more dramaric and reacily seen in Fig. 22. Females
who participated in the morning session had larger
amplitude saccades, when compared 1o those partici-
patinr in the afternoon session, or compared to males
in the morning session. The pattern for males was the
exact opposite.

There were 4 significant 3-way interactions involv-
ing Gender. Three of these were for the Genderx TOT
x D interacrions. The significant biink amplitude
effect is, in part, a funcrion of differences in blink
amplitude, with females showing generally larger blink
amplitudes than males. The larger blink and saccade
amplitudes for females. though not a large effect, is
cne deserving further attention. We know of no
literature suggesting differences in EOG variablesasa
function of sex. The D component appears to be
principally atiributable to females, in that the slope of
this variable over TOT decreases from D tto D 3. Ia
malvs, if there is a consistent patuzern, it is one of a
slope increase from D 1 to D 3.

The Gender by TD interaction for saccade ampli-
tude is a surprising one. Why should males and
females demonstrate opposing patterns {Fig. 22), and
what meaning might be attributed to cither pattern?
One variable to consider is the time period during
which data were collected. All of the AM males, and
4 of the PM females data were collected from July
through November 1991; while data for 4 of the 6
mal=s run in the PM, and 6 of the females run in the
AM, were collected during approximately the same
time span in 1993. Time of year does not appear to be
a variable that could account for these resulis. A
second possibility is that the sexes differ in circadian
“alertness” rhythms. Inital subject selection was based
on the assumption of random sampling. Thar process
generated very few males willing to come to 1ae
laboratory in the afternoon hours, and equaily few
females interested 1n being tested during the morning
hours. If this selection process has anything 1o do with
circadian rhythms, we would expect "morning” types
1o be more hikely to volunteer for morning, and
“evening” types forafternoon experiments. One might
also expecr morning rypes 10 perform better in the
morning and evening tvpes in the afternoon. though




difference berween the AM and PM performance is
arrriburable ro male subjects. Those participating in
the afternoon had mean response latencies approxi-
mately half the response latencies of those participar-
ing in the AM. Females, on the other hand, showed
stightly sherter response latencies in the morning.
These are intriguing empirical differences with no
thecretical reasen to account for them.

The finding that TD effect is principally found fer
male subjects raises anether issue that could not be
answered by recourse to the literarure. Folkard (1983)
makes no reference to Gender as a variable contribut-
ing 10 TD effects. Hancock {(1983), in achapterin the
same book, deals with the Gender issue. He refers to
one study in which an interaction between gender of
experimenter and subject was obrained. For male
experimenters, same-sex subjects show improvement
in performance efficiency, while females tend to per-
form more poorly with male experimenters. The
present experiment did not systematically vary gender
of the experimenter. Both male and female experi-
menters participated.

In summary, our performance measures demon-
strated significant improvement over Ds (all 3 mea-
sures), significant decrements associated with TOT (2
measures), and suggestive TD and Gender effects.
Perforimance was better in the PM, as compared to
AM, and males demonsirated this effect 1o a greater
extent than female participants {1 measure}.

GFNDER AND TIME OF DAY EFFECTS

There were several oculometric effects involving
the Gender variable. The 2 main effects dealt with a
higher blink rate and larger saccade amplitude in our
group of females. There were 3 significanr 2-way
interaceions. In the first, a Genderx D interaction was
obrained for the 30% window duration measure.
Females had crisper blinks (shorter 50 % window
duration) than males, and the increase in this measure
over Ds was smaller for the group of women. The
other 2-way interaction dealt with saccade amplitude,
in cthar there was a Gender by TOT (Fig. 21} and a
Gender by TD interaction (Fig. 22). The G x TOT is
a subtle effect, one most likely accounted for by a
greater increase in saccade amplitude berween the 50-

and 70-m dara samples for female subjects and, per-
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haps, the small differences berween the time 18-, 30-

and 50-m measures. The Gender by T interactien is
more dramatic and readily seen in Fig. 22. Females
who participated in the morning session had larger
amplitude saccades, when compared o those partici-
patin= in the afternoeon session, or compared to males
in the morring session. The pattern for males was the
exact opposite.

There were 4 significant 3-way interactions involv-
ing Gender. Three of these were for the Genderx TOT
x D interacrions. The sigaificant blink amplitude
effect is, in part, a function of differences in blink
amplitude, with females showing generally larger blink
amplitudes than males. The larger blink and saccade
amplitudes for females, though not a large effect, is
one deserving further attention. We know of no
literature suggesting differences in EOG variables asa
functior of sex. The D component appears to be
principally atrributable 1o females, in that the slope of
this variable over TOT decreases from D 1w D 3. Ia
males, if there is a consistent pattern, it is one of a
slope increase from D 1 10 D 3.

The Gender by TD interaction for saccade ampli-
tude is a surprising one. Why should males and
temales demonstrate opposing patterns (Fig. 22), and
what meaning might be attributed to either pattern?
One variable to consider is the time period during
which dara were collected. All of the AM males, and
4 of the PM females data were collected from July
through November 1991; while data for 4 of the 6
mal=s run in the PM, and & of the females run in the
AM, were collected during approximately the same
time span in 1995, Time of year does not appear to be
a variable that could account for these resulis. A
second possibility is that the sexes differ in circadian
“alertness” thythms. Initial subject selection was based
on the assumption of random sampling. That process
generated very few males willing 1o come to tae
laboratory in the afternoon hours, and equaily few
females interested in being tested during the morning
hours. If this selection process has anything ro do with
circadian rhythms, we would expect “morning” types
o be more likely 1o volunteer for merning, and
“evening” types for afterncon experiments. One might
also expect morning types to perform berter in the
morning and evening types in the afternoon, though
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the literature on this point is inconclusive, especially
if one uniizes a relannely complex task, as was done
here. Evaluaung pesformance, 1n termns of the number
of “unusual” event- 10 which a subject had 1o be cued
because of non-re.ponding in the allotied time, we see
littie support for 2 TD effect for male subjects. For
females, we see that performarce for those participar-
ing in the PM session is better than that for those
serving in the AM, as well as better than the perfor-
mance of males, regardless of TD. Because of the small
sample size, we believe these results need replication
before they can be accepred.

Thus, we have 2 lines of evidence suggesting that
female subjects who participated in the PM runs were
more alert and able to sustain alertness better, than
was true of females participating in the morning. A
recent report by Knipling and Wierwille (1993) briefly
reviews the literature on automobile accidents in
which driving while drowsy was implicated in the
Police Accident Reporr. “Male drivers had an involve-
ment ratio (per km} that was 1.8 rimes greater and an
involvement likelihood (i.e., involvement per regis-
tered driver) that was 3.1 times greater than
females.”(p2) They further point out that male driv-
ers, especially young ones, are over-represented in all
actomobile accidents. “However, these sex and age
differences are much grearer for drowsy driver crashes
than for crashes in general.” Our results would suggese
that if TD had been identified in the above accident
statiseics, that the involvement ratio calculated for the
afternoon hours would show an even greater discrep-
ancy between males and females than thar calculated
for the entire 24-h cycle. This certainly is an area
requiring further study.

One 3-way interaction of Gender x TOT x D
involving blink amplitude, hasalready been discussed.
The other 2 involved aspects of the blink flurry
measure. Since these 2 measures appear to be redun-
dant, we will [imit our discussion to the Flurry count
measure. Femalcs, on the average, engage in more
flarries than males on all days, and show more of an
increasing pattern asa function of TOT than is crue of
males {Fig. 15).

The interactions involving TOT with TD aiso
deserve some special discussion. The 50% closure
duration measure shows not only an increase as 2
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function 0f TOT, but TD as weil. We have previously
shown that this m=asure is affected by pesceprual task
difficulry, with mcie difficolt tasks leading 1o shoreer
closure durations. The lengthening of closure dura-
tions over days suggests that the wask is either becom-
ing easier for the subjects or that they are less well
motivated on the third day. We can rule out the latter
possibility from the resules of the performance analy-
sis. Frequency of occurrence of missed signals de-
creases significantly over davs. If motivation lags, we
mig' t expect more missed signals on D 3 than D 1.
What we find is that most subjects improve over days,
thus the learning hypothesis appears to be a more
reasonable one to account for these results.

DAY EFFECTS

Performance data indicated that the number of
missed signals and response latencies decreased over
days. In line with the improvement in performance,
the cculomertric measures further suggest that “effort”
expended in task performance decreases over days.
Blink rate increases significantdy over days, blink
closing duration becomes longer, the 50% window
measure increases, as does the frequency of eyelid
closures.

Blink rarte is affected by perceprual difficulty with
greater inhibitor associated with performing more
difficult rasks. It is, of course, also affected by TOT,
with an increase over time. The observed blink rate
increase over D's may rthus indicate that the task is
becnming easier for the subject, i.e., that one has w
allocate fewer auwentional resources to rask perfor-
mance. Similatly, blink “crispness,” as measured by
the 50% window measure, is associated with rtask
difficulty and expectancy effects. As one approaches a
point in time where a stimulus is expected, one sees
both a decrease in blink likelihood, as well as a
decrease in the 50% window measure {Goldstein,
Bauver and Stern 1992}, Thus, the changes in closing
duration and 50% window suggest chat subjects not
only improved in their ability to detect unexpected
infrequently occurring events, but also learned some-
thing about the timing of these events. They appar-
ently learned that the likelihood a second event would
occur was small immediately following the occur-

[

rence of an “unexpacted” event.




The significant increase in eye closures over days is
also of interest in this regard. It is our impression that
alarge percentage of such closures occurred following
the making of the manual responses. This is, again, an
opporiune time to be inattentive to the CRT, since
the subject has fearned from his D 1 experience, and
reinforced by his D 2 experience that the next event
requiringaction on his part will noroccur fora minute

OF IMore.

DIAGNOSTICITY OF CCULOMETRIC
MEASURES

To furcher explore the significant TOT results and
to determine the diagnosticity of these measures, i.e.,
how many of the 25 subjects demonstrated the phe-
nomenon, we conducted the following analysis. For
each subject for each successive pair of data points
{10-34, 32-50, 50-70, 70-90. 90-11C m} we deter-
mined whether the second value was larger than the
preceding one. Since we had data available for 3 Ds 3
times 3, or 15, such comparisons were made. For each
subject we rallied the roral number of events se iden-
tified. With 15 measures one would expect that on
average, 7-1/2 would show an increase, and the same
number a decrease berween successive values, unless
there were consistent trends across subjects {as already

demonstrated in the ANOVAs).
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Tabie 6 depicts the results of this analysis for the 12
gaze control measures for which significan: TOT
results were obtained. Ir is rpparent that 4 of the
measures produced splits sigaificantly better than the
.02 probability level (using the binomial test). These
are: hiink rate, closure duration, saccade raie, and
frequency of fixations less than 1 s in duration. Two
others, though nor significant, are worthy of mention,
namely 50% window duraticn and saccade amplitude.

The number of subjects who were appropriately
identified by all 6, by 5, 4, 3, and 2 variables is
depicted in Table 7. Since the saccade measure had
only | subject who fell below the median cutoff value,
we did a further rally across the remaining 5 variables.
These are also depicted in Table 7.

It is apparent that subjects are reasonably consis-
tent across measures, i.e., if they qualify for inclusion
on one variable, they are most likely to qualify on the
other variables as well. Using the 6 measures, we find
5 subjects fully concordant, 11 concordant on 5, G on
4, and 3 on 3 or fewer measures. Conducting the same
tally for the 5 variables {excluding the saccade mea-
sure), 5 are concordant en all 3, 11 on 4, 6 on 3, and
3 on fewer than 3 variables.

TABLE €

NUMBER OF SUBJECTS FOR WHOM 7 OR FEWER, OR 8 OR MORE
COMPARISONS CF SUCCESSIVE TIME PERIODS (15) SHOWED AN INCREASE
OR A DECREASE AS A FUNCTION OF TIME ON TASK.

Blink rate

Closure duration
50% window

Blink Amplitude
LCD blink frequency
Flurry frequency
Sum flurry blinks
Saccade rate
Saccade amplitude
Fixation duration
Freguency fixations <1 sec

=<7 =8

6 19
6 19
8 17
12 13
13 12
11 14
10 15
1 24
16 g
10 15
3 22
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TABLE T

NUMBER OF SUBJECTS FOR WHOM SPECIFIED Nlw

ER

OF MEASURES DISCRIMINATED

Using ail 6 Gaze Measures

Using onty 5 Gazs Measu/zs

Mo. Measures No. Subiects No. Measures Mo. Subiects
8 5 5 5
5 11 4 11
4 8 3 g
3 2 2 3
2 1 1 G
1 Q 0 o
v 0 25 25
SUMMARY our impression that eyelid closures and blink flurrics

The present analysis allowed for the partitioning of
effects attributable to TOT, TD, and Gender, as well
as expertence with the task. It also included informa-
tion about 3 performance measures. From the results
of the performance analysis we can infer that motiva-
don to perform the task was maintained at similar
levels over the 3 Ds of the experiment. Though sub-
jects demonstrated an increase in missed signals and
reaction time as a function of TOT, they demon-
strated a reduction in the number of missed events
and reuction times over the 3 Ds. Thus, changes in the
oculometric variables are not likely to be attriburable
to a decline in motivation to perform the task over
days. Not only is there improvement in performance
over days, but blink rate (increases), blink closing
duration (increases}, 50% window duration {increases)
and eyelid closure frequency (increases) all demon-
scrated changes, suggesting that the task must have
become easier to perform over days or that subjects
were developing “strategies” to deal with the rask. We
suspect that one of the strategies involved the realiza-
tion that “infrequently occurring events,” i.e., those
requiring a response, did not occur in close contiguity
to each other. The interval between any 2 such events
ranged between 1.5 and 4 m, with most having an
interevent interval of at least 2 m. They, thus, may
have learned that lapses in attention were not likely to
affecc task performance if they occurred shorely after
responaing to an infrequently occurring event. It was
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were most likely to occur in the minute immediately
following a response. If these impressions can be
substantiated, and the data are available o do chis, we
would be on more solid ground with respect to this
aspect of learning.

Whether the increase in blink rate, closing dura-
tion, and 50% window duration also follow this
pattern is also of interest. We suspect that the changes
in these variables are more likely to reflect the possi-
bilicy that the task became easier for our subjects @s a
function of experience.

The observed Gender effect came as somewhat of a
surprise. Though the differences are nor statistically
significant, there was a trend for females ro perform
better, i.e., miss fewer infrequently occurring events
than was true for male subjects. Significant Gender
effects included saccade and blink amplitude, with
females generally showing larger amplitude responses
than males.

Gender effects of greatest interest were those in
which Gender interacted with TD. Such interactions
were obtained for the Long Closure Duration blink
frequency and the saccade amplitude measures. For
the LCD Blink measure, the interaction also includes
TOT. The results suggest that the TOT effect is
greater for PM males and for AM females, with more
modest increases in this variable for AM males, and
little or no increase for PM females. We interpret
these increases in LCD blink frequency as suggestive
of “fatigue” effects. It is unclear why females should



show such an effect principally for morning pastici-
panis, while males demoastrate the greatest effect
when participating in the afternoon, with modest
changes for those participating in the morning. Rep-
licating this gender effect would appear to be highly
desirable because of the implication of these resulis
for shift work.

The TOT effects obt:ined for all variables cicarly
demonstrates the potential utility of these oculometric
measures for defining perieds of impaired perfor-
mance potential. A word of caution is in order, since
for some of the variables, the TOT effect was reduced
over Ds. Specifically, for the 50% window blink
duration measure, the slope becomes shaliower over
Dssothatby D 3, thereappearsto be nolongera TOT
effeci. A similar effect is seen in the blink fiurry
measure. These, however, were the only measures for

which this cautionary comment is applicable.
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